The mechanisms of resistance of Pseudomonas aeruginosa to benzalkonium chloride (BC) were studied. The effluence of cell components was observed in susceptible P. aeruginosa by electron microscopy, but resistant P. aeruginosa seemed to be undamaged. No marked changes in cell surface potential between Escherichia coli NIHJC-2 and a spheroplast strain were found. The contents of phospholipids (PL) and fatty and neutral lipids (FNL) in the cell walls of resistant P. aeruginosa were higher than those in the cell walls of susceptible P.
rial resistance to disinfectants have been presented. Further detailed studies seem to be necessary for clarifying the latter mechanisms of resistance.
Richards and Cavill (26) investigated changes of cell shape caused by 800 pg of benzalkonium chloride (BC) per ml in
Pseudomonas aeruginosa by electron microscopy. They reported that BC stripped the outer cell membrane, that cells retained their shape after the outer membrane was removed, and that the peptidoglycan layer remained intact. In 1986 Russell (27) reviewed the possible two major mechanisms of bacterial resistance to antibacterial agents such as antibiotics. The first is acquired resistance, and the second is intrinsic resistance. As acquired resistance, Tennent et al. (35) reported plasmid-encoded resistance to quarternary ammonium salts in gram-positive bacteria such as Staphylococcus aureus. However, in gram-negative rodshaped bacteria no such resistance was found. Resistance to hydrophilic and hydrophobic chemicals is an example of intrinsic resistance (17) (18) (19) 23) . Hydrophilic chemicals of low molecular weight (below about 650) are able to enter bacterial cells via porins. In P. aeruginosa the porins appear to be larger, despite the fact that this organism is frequently highly resistant to disinfectants. P. aeruginosa may possess fewer porins, and many may exist in a nonfunctional state. The susceptibility of P. aeruginosa to hydrophilic chemicals such as phenols and dyes is reduced, and the cause has been linked to outer membrane lipopolysaccharide. Susceptibility and resistance are related to the appearance of phospholipids (PL) in the outer layer of the outer membrane.
Chaplin (7) reported that the lipoprotein content on the cell surface was increased significantly in BC-resistant Serratia marcescens, and Nishikawa and Yamamoto (20) Fatty acids in the tested strains. Fatty acids were determined as described by Moss and Lewis (15) . Freeze-dried cells of bacteria (100 mg) were saponified with 10 ml of 15% KOH-50% methanol, extracted with 30 ml of ether-hexane (1:1) under acidic conditions, and evaporated. The residue was methylated with saturated diazomethane solution (0.5 ml) and injected into a gas chromatograph and a gas chromatograph-mass spectrometer equipped with a flame ionization detector. The Cell surface potentials. A difference in cell surface potentials tested with BC was not recognized between nonacclimatized and acclimatized strains. However, the difference in potentials between the original E. coli strain and the spheroplast strain ES-114 was significant (Fig. 1) .
Morphological changes. After treatment with 800 pLg of BC per ml, aggregation and coagulation of cells and removal of the cell membrane were recognized in both resistant and susceptible P. ae-iruginosa strains (Fig. 2) .
Cell wall components. The statistical differences in the contents of PL and FNL among the groups were evaluated by the t test (P < 0.01 and P < 0.05). The content of FNL in group S strains was lower than that in group B strains (P < 0.01), and the increase in FNL content in group B strains was greater than that in group A strains (P < 0.01) (Fig. 3) .
Adsorption of BC to cell wall components. The amounts of BC adsorbed to PL and FNL of resistant group A and B strains were lower than those of susceptible group S strains (Fig. 4) .
Fatty acids in the tested bacteria. Nineteen kinds of fatty acids were detected in the tested bacteria. They included four kinds of linear saturated fatty acids (lauric acid, myristic acid, palmitic acid, and stearic acid), four kinds of linear unsaturated fatty acids (two each of isomers of palmitoleic acid and oleic acid), seven kinds of saturated hydroxy fatty acids (3-hydroxyundecanoic acid, 2-hydroxydecanoic acid, 2-hydroxydodecanoic acid, and 10-heptadecanoic acid), and four kinds of unknown fatty acids.
Partition coefficients in n-octanol-water. The log P value of BC was 3.22. BC was a hydrophilic compound.
Correlation between the fatty acids in the cell wall components and their partition coefficients. The significance of the increases or decreases in fatty acid contents in the cell wall components was evaluated by the t test. No significant increases in fatty acid contents in the group A strains were found. In group B strains the contents of 2-hydroxydecanoic acid (peak 2), 2-hydroxydodecanoic acid (peak 5), 3-hydroxytridecanoic acid (peak 6), 3- 25), effects on enzyme maintenance of a dynamic cytoplasmic membrane (16) , and effects on cell permeability (29) , have been reported. However, studies of the mechanism of resistance to BC are few in number. Scharff (29) reported cytolysis by damage of cell permeability and loss of potassium in yeast cells with 0.004 to 0.01 mg of BC per mg of yeast cell, and Richards and Cavill (26), using electron microscopy, reported that BC stripped the outer cell membrane.
The MICs for group B strains were eight times higher than those for group S strains. A change in the negative charge of E. coli NIHJC-2 and E. coli ES-114 cells because of the positive charge of BC occurred. No marked changes in cell surface potentials between E. coli NIHJC-2 and E. coli ES-114 were found. Cell surface potentials on the spheroplast strain were lower than those on the original strain, and after the addition of BC the decrease in the cell surface potential on the spheroplast strain was smaller than that on the original strain (Fig. 1) . By making morphological observations we found that bacterial cells were coagulated after treatment with BC, but the amount of BC required to cause coagulation was higher in BC-resistant P. aerulginosa than in BC-susceptible P. aer-i/giniosa. Aggregation and coagulation of cells occurred in both susceptible and resistant P. aeruiginos(l strains in proportion to the dose of BC (Fig. 2) .
Gilbert and Brown (8) hydrophilic compounds such as 3-and 4-chlorophenol. This suggestion correlates with the results of Hugo (11) with regard to resistance to chlorhexidine diacetate. Hugo (11) indicated that chlorhexidine diacetate is a hydrophilic compound and that chlorhexidine diacetate-resistant Pseiudouzzonas strains, which have a reduced content of lipopolysaccharide as compared with that in normal strains, may result from a decreased ability to adsorb to the agent. We found that the content of FNL in the resistant strains (groups A and B) was higher than that in the susceptible strains (group S) and also that the increase in FNL in the more resistant strains (group B) was greater than that in the less resistant strains (group A) (Fig. 3) . The amount of BC adsorbed to FNL of the resistant strains were smaller than that of susceptible strains (Fig. 4) BC is a hydrophilic compound (log P value, 3.22) , and the log P values of fatty acids were higher than that of BC. We believe that the increase in fatty acids having log P values higher than that of BC reduces the ability of BC to permeate cells and leads to the acquisition of resistance to BC. The results obtained in this study suggest that the resistance of P.
wierluginiostI to BC is probably the result of increases in PL and FNL. The decrease in cell permeability, as shown by the increase in fatty acids in the resistant strains, does not bring about a loss of the barrier function. BC-resistant strains seem to be undamaged because of a decrease in adsorption and permeation of the cell wall.
Russell and Gould (28) suggested that the decreased susceptibility of enterobacteria to bactericides is probably associated with the outer cell layers, which may limit the penetration of bactericidal molecules to their sites of action. Our results support their hypothesis. Studies of the role of the inner membrane in BC resistance are also needed.
